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rIV.3LMT OT FTRCFLTR , IION ~GAEOS DWIMF TAC IPE TS~Io'CHIS

LFollowing is a translation of 'an article by August. Krogh,
of tLhe Zoophysiological Laboratory of Xopenhagen, received
3 Septerber 1919, in the German-language publication, Mfusters
Arca. Gs. ?%hvsiol., Vol 179. 1920, pp. &1-20.]

(N-ote: The first cormnicatio. oil this series,- "-On the Composition-of the
Air-An the Tracheal ryte of Some Insects," was published in Skand. Arch.
Physiol., vol. 29, 1913.)

We know that the trach-eal system of the ins ects consists of chitin-
coated tubes which start :rom-. a number of openings in the outer- skin -

spiracles or stigmata -- become greatly rani:ied and to t:inate in the
various organs of the bodies with vary numaroius and extrsmaly delicate rami-"
-ifications * According to the investigations of a~l ~o~o and Wial-
owioJski (Note: Cajal, Zeitschr, uiss. * ikrosic, 7. 1893; I-Iolmzran Festskr,

UIW Lileborg -Upsala, 1896; W--ielow-.Iejsk-i, Zeitzqlhr. wiss. Zoo!., 3?, 1882).
the thinnest branchlets o., the chitinous tracheae become transformed into
a dense network of even finer air channels (estimated by Cajal at a maximum
of 0.2/u in diameter) which penetrate the cells and anveoo, for instance,
all ruscle fibrils. Th~e ohitinous tracheae with which we sh.,all occu y or
selves exclusively in the Collowing, usually are ofL ci.";eular cross sections

andequppe wihasoia renorcing ridge -- the spiral thread.* This
stracturo as well as the small dimensions in general of the tracheae offer
a very considerabole resistance to pressure so that a relatively voluminous
mechanical ventilaton~ of the'tracheal system can hardly be produced. On1
,he other hand, it is difficult- to say how an incomplete compression of the

tracheal system could eftiact a ronewal of the air in the delicate terminal
branches And we must admit that a satisfactory explanation of -the respira-
tory mechanism of the tracheat 'a ise so far lacking.

0 For example, Wintrstain writes (=ot: Handbook of Comparative
Physiolozy, Vol 1, 2, Jena, 1912, pp. 111-112), "Among the greater number

Qftraah~tal the renewal of the respiratory air is effected by special
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res-piraory moti6onz.... .we intan~d hare n:erel y to61 point out the difficultiej
~~~iOW oo. :ron a~ 6razdw~o ' -ism o- an adcca=4e renewal o-"

tho a'r even .;hare wach respirztory moti.;Ons havo been obsrved (insects), if
wo consider that, in up ite of the re1.t -'vel.y perfact ed res:pAratory redchan--
ismi in an ozan of suh easily-= an.% xe vlyvral volume as the =Ma-
maliLan lung, the air in the alvoliA di4fers both -;I its oxyzfen as well as
in its cazbon-4--oxide content by several paeret from that of the extLerior
air, it then seems scarcely conceivable 'how a sufficien't1 renewal of tegas

*content can be accomplished even by very extensive respiratory m7.otios in a
systn'x of thin and rolativoly rigid tubes in which thea thinnest teWrinations
are close to the border of 4*-at dimension observable under the microscope. "

dMoreoverd in many trachewta, special respiratory motion canniot be
demostrted:Ldthe widely held assumption that movements of locomotion.

etc., can effect sufficient ventilation is certainly not valid. We should
* here also point out the closed tracheal systems in water insects equipped

with tracheal Sills. Among maost of them, no sucha mechanisms are known which
* would be able to-oeffect a gaseous exchange between the tracheal gills and

the remainder of the tracheal system.'

u~DThese difficulties induced me to consider a- oantitive investigation
2on how much of a gaeu exchange might be accomplished by 1ip~ gascous

diffilon'along the tracheae. From the beginning, it appeared to6 me as
rather improbable that sufficient ventilation could be produced in this
manner because I was aware from n~umerous gas-analytical experiences how
slowly diffusion flow takes place, but I considered i.t possible that dif-
fusion might be an appreciible auxiliary aid.

The processes of gaseous diffusion can be illustrated by means of
Fig 1.A is a tube with a length of J. cm and a cross sectional surface

of a cin2. In container B takes place a continuous pro-
oesa consuming S cr 'oxygen per second. To simplify,

Fig~lmatters, we shall temporarily disregard the formation
Fig. 1of carbon dioxide which takes place simultaneously in

-the organism. The gaseous molecules all-move in a
str'aight line but continuously chanae their direction due to the numerous,
collisions of the molecules. If the oxygen molecules are distributed uni-
foxmly,- the saue number of oxygen molecules per unit time will pass through
a given cross section of the tube in both direction; diffusion is in equi-
libriu m. However, if we assume that oxygen is consumed at B, the equili-
brium becomes unbalanced and a lesser number of oxygen molecules will move
from 3 to A. than from A to B; oxygen will diffuse into B. This diffusion
wifll take place as =&ch-more quickly as the nuzzber of omyen molecules in
B decreases and there will finally otour in B a state of equilibrium in
which the consumption of oxygen is precisely equalised by diffusion. The

*1 f~oxyggen pressure in the atmosphere shall be asmed to be pl and p in B
( p and p, expressed y standard atmospheric pressure as unIt. We then have

-- ---- ----



o... Z : inflom of oxy,-.n. pe Scc-n j~ jo. t.oa o 'the di.ferential

lnr kh of o~~ a o~- - constantd a hc is 'equal
io .1 .od ocy.n ;.ndard tep ratr at the solected units.

Zfe %G now -tha Volune ofT -nflo S per second. and if we nmeamare a and
1the dif erontal pr zs p-p-, necessary Ifor d", - sion can lae calculated

:rom -tha =-'la. Su c-, calculations: were car"ied out by me ao z everal
tracheal systems on the bas-s of the necessary measuremonts, in order to
determine to whfat extont diffusion will, be &do-qate to supply oxygen or not.

S:,mi..lar considerations are applicable to the dischargce of.--carbon
dioxde.A specific investigation --:Or the problem of this gas is super-
flou. h" ;ircunstances are so similar that it follows necessarily that

the discharge of cazbon dioxide by di.fusion is possi~ble -if we have demon-
strated the possibility of supplying oxygen iza this manner.

The necessary measurements are as follows:

t1. -The ox2gen. consunptoni -of an insect s)can be easily determined
~.J Thy y icrorespiromti method- ai't:Kohi behlden' a landb.Vo

8). mnany Vas wecnrestrict ourselves- to an approximate estimate on -
th ais o they- -&a eos -metabolism- of other forms.

2. The determination o! the tracheal dimensions are more difficult
and cannot be ascertained absolutely. Wie noed to0 detarviine ther average
length (1) of all tracheal branches calculated beginning writh the spiracles.
These lengths are very different and the very last torminations or ram I..
cations can be neither perceived nor measured. Wle also need to know the-total cross section of all tracheae (a.) -at different distances from the
spiracles. This task can also obviously be solved only approximately.

The first measuremehs were carried out on specimens- (preserved In
ethyl alcohol) of one of ths, southern european myriapoda (Scutigera.) In
which the tracheal -system has a particularly simple structure. The Insect
is provided with sever. non-paired stiemata in the dorsal center line. Bach
stierma leads to an air cavity Ii which terminate according to xIaase (Note:
Haase furnished very good and exact illustrations of the tracheal lungs.
Uznfortunatealy, however, Indications of dimensions are tota .ly absent as Is
often the case in zoological publ~ cations so that, the Illustrations cannot
be used for Measurements), about 600 relatively short trachea which ramify
dichotomously several. times. I measured the average length of the trachea
as 0.55 (5.5 x 10, 2c) and the average diamneter of the individual traoheal
t %runks as 0.015 mm. The oross sectional surface then is l.? x 10-1 cm2.
*: proved to ny satisfaction that the surn of the cross sections of theObranchelot. 'as approximately equal to that of the trunk. The -probable
oxygen consuption can be estimated as Approximately 350 =m3 per, kilogram
per hour which Siv~s us a consumption of 3 x 10"J cm3 per animal Ad por

second if the weight is assumed as 0.3 S. WJe then have

ki I__7X .X1-
X S
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andA conzccue.Iy p-p, 0.0011 or 3.23 P-cr cent a.; on.e 0 zzo1-ra

Th e a.-Allation s~~that an oxygon porcentago of 20.8 in tho inner
enclirlgz o; the t ch oil tubas in comparison to 20.93 per cn te x-
tornor *lmv - rill per.mit .n oye d!-fusion thrvagh the traclhea &d.;

1.qu .0 for tho nor=a-, rec~riremants of* the :insect. PRespiratory motions are
therolforo en.-iraly zpeCrfuou-.

s o ouca ntly a similar calculation wscarried oat for. mealuvo-as
(larvzo. Of Toeobio). Gaseous metabolismi for them has been deter.=Uned sev-
oral -4..oz ,-.d may be assumed. for an' an!i;al 'with a weight of 0.3 grams as
3 XA-.l0 =m3 per second. Simple disection shows that the t6racheal system
concists principally of small groups of, on the average, four tracheal tubes
stareing from the stigmvata. he total number of primary tracheae is about
80 and the diameter Varies between 50 and 70 /u (with a m=ea of 60 /u).
Rflmif cation, is vary voluminous but could niot be followed in detail. I

axatrrely a~mda t the talcross section does not change duri.ng
ramificatio and also estimated the averg length as 3 ro.. I therefore

Ibund ~~so xn k30 Y i-. and conlsequeontlyP p a 0. 022 or 2.2
3-x lP-i S(PAJ 'b -;per cont of one atmiiosphere. Conse-

.Wquently, diffusion is here also entirel.y adequate -for the renewal of the
* air in the tracheae and repiratory motions are aupera2uous,

* it is evident that, in the cases cited and especially for Tenebrio,
the numerical results :can be claimed to have only a very limited adouray
I thoreforo attempted to find a method which would permit more accurate
measure-ments. The objective was an easily undorstandable preparation of the
entire tracheal system-, combined with a type of stain which would cloarly
demonstrate even the thinnest ramifications of the tracheae ad per.it me&-
varoment of their lumina. I obtained very good proparationr.s by injection
of the entire tracheal system with a coagulating fat stained as intensively
as possible by alkanet or "ISudan" and subsequent decompoition of the tissues'
through.peptobydrochiori aid. The details of, mehodology have been do..
scrIbe elsewhere (=Ij: Krogh, rnjection preparation of! the tracheal sys-

tem of insects, Vid. ledd. Damak naturh., Fore1ning 68, 191?). Fig. 2 shows
such &. preparation of the larvae of Cossus. CPUg. 2 not reproductable.'

I prepared a nuamber of such, preparations and utilized some of them
tafr meavrment of tracheae. 'An examination of the preparation show~n will
indicate4 that complete meaarement of all branchas of the trahea, would re-
quira an extremely large expenditure of effort. I therefores simplified the
task. .16 ntially determined by inspection of the preparation to be measured
that the traghoal ramificoations starting from the various spiracles were not
essen1till.y dItferntWfrom each other and that therefore some of them could
be selectod as typicAl for, measurement. From these, the tracheal truzks

Awoeo then removed Individually by meas of a am&Ul Pair- of scissors., Plaoe4
Wuinder a microscope aW measured.



by. . -W1a eCxtniv:a - a qjnan of' tho ttal crosscte o .1061 thro."h r~f~ai .it wia note6.d that the Cr033 SOC tionof t. a r.; uually. z2.±gtI Yarer than.. the suvi of thne cro'ss section0-' tho 'brarxches. ".s proof, - an lSting the followigzesrmns h
r ~re~ ar micromwer aednswt ob44ec~.ve a0 (Zeiss binocul.armt~?oCops)5I s±ply 'comparod tho cqiaaro Of -the diameter of thel t nkCD)wihthe -T= 0f the8 scu ae of' the diameters of the branches (dF).

TAI I

Trunk Bra,-ches
D d

2 2

7ha difference between D and d2 is relativoly insignificazt (?%)anId we8 are therefore justifikd in measuring the cross Section of e"Oh tie.Cheal trunk at only one level. In the princial. mesrMensai sfra
possible, I measured the cross sections hot at the tranks but only atter thefirst ramification. For each tracheal tranic, there was also determined the
Qveraea length of the branches calculated from the spir&Ole. These meainre.tmerits wer& made by mean4s of the object.4ve p h irmtrraig s
One grAduation a 0.082 =a for P3 WAr One onu~i a 0.0465 mm for o

IMade tho following measurements on a larva of osa g~edwih a live Weight of 3.4 gram . the longmardina tr~u'ak oomatin tbespiracles are not included In ealwiaation.
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,L o .... .. .. f -"v 0.9. Hot.v,'ar, if u.e considor thatb? .oie ., , ".ay crt t 'the volume
a abot 7 r-.3. Cazcu!ltio. of fo..£ € r o Z*Zove =a-ra.-r.nts produces
for ho threa zpiracloc 3 x V.34 x 7.4 = 7.6 =-M3 (3 x 0.3? x 6.0 a 6.?).
Concordanco Is sai.sfacto.y.

3et.-.naticn of racoous mvaboli % in a larva of Cossus wi"h a live
wairht of 3.5 S and "whe of slaw c2.ing, indiatpd An oyGn co"s.um -
pion of 320 cm3 p or k- an *hour or 3.4 z (about 3 x 10" =3) per second
and per animal srd we thae have: 757 -- t 6.x IV'

=0.02 (0.105) o= 2- (1.35) &'' T ~
of ane at-,osphere.

A. entirely analoeous sereas of measurements on a larva of Lasioca.pa
witVh a woe!iht of 3.9 a showed somazwhat greater vuriations between the rdAi-

a .al =iraos d' varied between 209 and 232. On the ave-age. we
found 230 = 0.39 m=2 for each sp.racle and the average longth was 6.6 =.
Calculation showed the necessary differential oxnen pressure to be 1.7% of
one atmosphere.

Q Ne have to disregard in these measurem.ets and cal ations that the
oxgen absorption takes place only partially and probably only to an ex-
tremely minor degro. In the chitUt.as tracheae (N : As deterined by me,
Journal of Physiology, Vol 52, 1919). ohitin is noz very permeable to oe.
gen. The coefficent of diffsion is only 0.013 Vereas 4A is 0.34 for
water and 0.13 for the connective tissue of vartbrat.es. The largest
aon' of absorption undoubtedly takes pUace in the tor ".al network of the
tracheae mentioned above. Consequently, the oxygen has to flow a ftrther
distance Anto the lattor. The differential pressare ropired for this Is
probably very mall ance the distances involved -e very small and consat-
tuted by verY naereus, even theuh very narror, conn ctlons but camiot be
calmulated at all at this time. An eventual mecwha*a respiation could
In ay event not ffee any re al o the ai In h.e tracheal teminal net.
work a difuson Is the, only possiblty that can be counlde .

The esults of *A ivestizations oited e ak u.eAl for the
-past that the recinrsl a: the air in the entire mo trcha a~rten the few
Wvestigated takes place only by difu .o hr further coWtrol, bowver,

Z ve diectly dm ted Wefsion of the air in the theae d.
reotly U&+ speia mpr~et n c htisiaitUd* sorreeponds at

least. ae uto the en a e lations a an 'i the
gAvM foroala

These xm t e cared out olame of 0oss un er
"alss. The Ma.'oi POWAtVel peVetsan M ecaia respiratioO fte Insect becomes oomIely M ax but shos an Q'gen abio eatio at
a0boutnor.mal xnagnideo ab"t WO M3 pe9 kg an ho' WhUdh Ift $Utse prove
that %his: vme of ma g is upeba of Mlwifg In by 4 ftsion kh an
Insect ISS stretched ot A*maselyw a" SM ofsiace oitn

mmee m. e l~e.~~t3. ,t' e € ..



A?3a~.-43 ;2.2 ail af es tl.. top rw,

i ,.-.....

wxl-. ... :.,acad* wi.. vase-

* -~.,--rCh -.a.. Ov ~ a ls or of theu
a volme of 6-10 =3 ware La-

-ver'tAd ou sa'I tubes of a larrgh
L6of l , also made from cotlodium,

P-1g.3 wee placed over w.m. of" thspi.rcles.

T.ho entire preparation was placed in a flat glass di.sh iewo V.1,ich
w~~~~~~~or ~ ~ ~ ~ ~ .wa ildcrfa0 ut1o2yteo~ .4Lo the tL,:ZS . ained fr.

Gasoous =atzbolism an, than take place only through the spi-ales equipped
witthe t.bas amd the oxygen must diffuse from these !nto the lonigitadinal
trc-.oa trunks. Gradually an eqaIl~brIu= will be establised and the gas
preswsnte bells =stajstin ac aordamawith the catim~sfOfdi-
fiUsion ard the oxygen Inp n n te various segments. After a suitable
interval. the beLLs mre t e roe reved s6acessively and their content

dete=med by micro-gs analysis.
We carried out several ruh a nts:

1. Larva of Cosus weight 3.5 g; IPUGU I open on le.t ade
all otbars covered with bells. Moocd under water at 1:30; anlYSed at 2:40A:
spir-ea No. 4 eootimed 2.4$ W2 ad 1.2% 02.

2. Saminsect cube e a pisle 2; placed undr water J&01; am-.
lysed 5:00;- $pinle 3 cOtaie 2.6% CO2 &An 4.&$ 02

3. Sm insoets tube on spicle_ 2-; placed uder w&Ur 3:25.

4. Of
(Pg. 3); pAseed Under wter 3%000 I

I ' ' *b I I!.'. j*#A
| V i

- A .- -- --WINE
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':.. f:ri -. ro urarc ; s. olely :'or oric x.on arA in"-
c-aic A f;t tft.ore is uo. ae~ c~.st. ' .. "lon l"-in-
a! zrclhul tzncs vwhich Is. 14owevor, -'fOr . .h rasovuz Metabol-

i~of -Who inSeO4; 44f 46 -34, ga.c place ova- .Onz .'Unanoos (!70ote: 1W1r know
I.o~ , %e !zvostizutions of 3. Adler (Sin.4 J~h ?hysiol. V.ol. :s. 1.917)
warr.Od ou; in =y 1abore-ory that r. diffartnial oxyger. prasmare of about
S'abe'Woor the atns=phore =-A~ t .e tisrews of tho larvae of Cossius is r.2-
Caiired for t.he inflMow of the vol~ma of oxypn ncessary for normal gaseous

--tab~.s. If we therefore findA less th=an' oxygen in one of the bells,
a lack of o*yen =st have occurred in the respecti.ve segent.).

SM*erImc .%o. 4 zakes 1% possible to carry cut at least ar. approx.
imate coiparison between calculad and obaserved zanit~da of diffusio.
It we asm, for eaamle, that a voluze of oxyenar adloquata for two seig-O ents or 1/S of the Insect =Jst =.ss Orom spiracle 6 thmcfU. the trnk to
apiracle S and If we calaulateo the differential oxgn pressure req-4red,
we then MA "6 34.% f we A,=the pnh of difL 5ion a a . bA&-
lysis showed 6.0.. For sp5raelt 1. the gasous metabolism can be esrmated
as1/a of the wen Insectaz-Athe path of itusionas 20 m so tWatwe
then fWn that S-~ .?% %durea aualsis produced 9.4 Concordance, to
satisactory and S.i. is therefore deosrtdalso epoesntally that
gases ftffu"A alu"e is wmiclenz to cover the oxygen reqarwmns of
the larva.

t hen rtmpoted to invest.4gate in dtail. te crotion Vhther rog-
Pitatory zovennt or other mass .oveents o. .. 3 traceal aiLr acually do
ooaur in the larve o! Cossus. After some AUtil experiments, :L Up.ge
umo ocu3A be carried cut at follows. The roar end: of a larva of Cosas
(2.6 e) us faste-ed to a sa=3 zork. by mas ofa small, shoew wire. The

ww*.'~zn Of spurS" 9 at the thtd to the last -Ing was won greased
iWh vaseline wan a wfl glass ~be was pressed. aaim~ this - pirsole by

oA f a OUVO . As show In Pig', 4, tbis,,lSUs Uzbo Is *onneced by. a
?Jubar tube ih a hor.sontol tube cci.

Oe. ". M. d-.*U of histube was 1.?
ud th valao o I was therefore

2.25 3. amarrargement
wa s abzr baler =zer, AUl spiraces
vaneres oe. 'ftby the maer and aW

~rop.Wmor zntom wcaA there-u
for* een~ unif1std by correspondin

1Jmmmes so.# %he dmroto oil. As lea
Fig.U teIMeet rcAlued 4ru. =604Met of

th ro a osreda7Jeo44ol



COO a conztant doeC-:ae of --h- vo.= 02,~ QA, air hich ..as due ob-
to tho oxyo -.- ~n of thc i n znea1mguu.w

of the body, a ~io-von.tiat4.o of tha tmchaal zyste_ Miz,*t '-vev been
procauco4. Tho lav.r enarally 1Y=mountad to only 2 - I.ith vtry cnorge.
tic .movdornt3s -of tho body, somou.- rreator vantilation war. produced. For
w.xrnplae. rcordoc e. ona tino durina a per-iod of about 3 minutes appxroxi-
maltely 10 llresniratio-s" %V4'ich varie-a betuwen 3 and 9 =-3. As explained
aovc, Suchr novorlwts are of no si fca Ior the renewJ fteari
the more delicate brancbhiets or' the tracheae. Teentire tracheal volume
c a.-.not be smaller than 50 =m3 accordirn to the neawsureMenr!. IVSIAINSO .H F ~C~

aoleSTO11MS apparentl 0..e :rM I M.N ;rmA.. .r

AccordingP to the results of the investigation.-s of open tracheal. Sys-
tems, it is probabeaprnl tat the, tr rpt ofgsfo h mrceal
gills to the other parts- oZ the body takes'place by diffu-sion also in
closed systems wAhich was confirmed through the investigatitons on the
ofL Aeschna. With a- nymph of a weight of about 1 g, I carreid oat measure-
ments of the tracheae. Two longitudinaL main tracheae originate from eAchQ ils ~ ttly egt oftheo tracheali bu-Sm adtedaee
l.+ 11 dichotomously aiifying, root tracheae which start fro t:etaha

of, each zain' rot0 65 . The- tdtal-cros s seto for each, main trachea
is heefoe 2 x0A6$ 114 .6zm.The main- tracheae thesmselve -s

have an elliptical cross sectibn',With diameters of 0.66 -and 0.98 MM. ,he'
cross-section therefore is 0i.50 inm2. The- length, is 40 mm. Two smaller
longitudinal-trunks (diameter 0.5 mm, cross Sectional su rface .0. 2 mm2) _sup-

Fply the ntestine. If we assume- the gaseous mf3tabolism. of the insect at
300 cm3, 02 per kg an hour and turther assume that. 1/3- of, the oxygSen must
flow from the- rear to the front end by way of the 40 r~m long main tracheae,
we then find-the best required differential oxygen pressure P-Pil -6.21% of
one atmosphere.-

cZalulation. shows that gaseous diffusion through the tracheal .System.
is adequate for theL supy-foxgno hetsu However, ,the nocessary
pressure differen~tial is so great that we may expect-an appreciable increase
of the-metabolism, to producla of oxygen- in sme tissues, and it -becomes
evident -that 'a relatively minor' drop -of -the oxygern pressure in the sur-
rounding water must lead to lack of oxyen Acodn.t xeiments
of Wallengren (tunds Universitets Arsakrift N .F. AM4 2,1, emege
xurface respiration start in the larvae of Aeschna wheGn the oxyen pressure
of the water drops to 74,8%.,

*I have made on attmpt, to control the calculated differential oxygen
pr :sure beturoan the front end and rear end of the main tracheae by experi-'
mentation. 7he expzriment was carried out by suddenly and as rapidly a

* p~possible pinchin -a nymph of Aesobma tigh.tly in Lthe middle by means of a
PL I,.p The front end and the rear end of the- trun were, 'then cut off and

the air In the two mai tracheae of the two parts was -simultaneously tr&3s-
ferred into two instrumts tar mioro-awa.ysis and analysed with the



Roa en .... U

dosn. onL . -n

by~ aonrrees wll Catih pts o the -tac =adofsysthem armo edofair

contn~tto amanderof Noa: ytielmo ;hat arcm nc

dozonstrale and easily copressible Parts- do n~t: exist, and ventilatiot o.,.
thi wouald eventual rein vary Loopet) uh c . rost±on -1:014d

be r.nifesteod in an. increase -of presmare and -a decrease oz" volunxe o'& the
entire system=. If we enclose an insect in a- closed contoa.nar of water as
slhoum in -F4 . 5, all variations of volume in the insect s hvul 4 be maizested

throtgh corresponding displace-
mants of the -mater meniscus.
Such dipacement actually does
_ ~Ocaur-. It is synchronous mith

Fig ~the- respiratory iotions vetila-.tigte ;eaia1tnetfo-n
t tontrachea Sills and, -eac epra-

cauon ses a decrease of volume of the traceal con.ent normally by 0.2 1m
Ln nsects with,-a weight of -0.& - I g. With ve.r strono expirations. we

obevecmpesinup- to 0. 25 =n3.~ he expia ~s are ?oduced throughl
com pression by the entire abdomen and must Droduce a unif:orm -increase-of-
presmare in the entire body. This increase of p ressuare, results .:L aLno&
compression of all tracheae and is consequently of no sigZnificance for the
wr=Ispoet of gas within the systen.. -2ven if the compressions were sharply.
localized, they could have no sitgnificanvce for ventilation of thea trachoal
content becase of their minor character.

It we eaxamine in detail thea circuimstancos of± re s i ra tio0r. in closad
systems equipad with trachreal gills, Iwe cometotecnlsnththi
A~cinncsarily requireas the tracheae to be equipped with rigid, nn

elastic wall3 capable of sstain hieph presamre without collapse. The
tracheal systemma-nt~ins an -r1tensive exchange 'of gaseous diffusion:,it
thqe mirrounding water through. the .racheal gills. If the tradheal walls

-,efre elastic',: then the traocheal air wo"ld be su~c otepesr eter-.
yit:16b teaswhsric presture andQ the column of water -above the insect,

* a- 4e8h o 1 tti ol e or example, 1.1 atmosphere.' The total
presue f he gas dissolved in the wator is only exceptionlly (esecal

urith abundant 'planit a's imilation) higher than ona atmosphere, bout often ap-
preciably 6owor bacause of oxygen consumption. Under such circumstances,
as I pointed out repeate42.y for analogous -oases (Krogh, Sicand. Arch. fhysiol.

0Vol 20, 1908) and ts also stressed by Wintdratetn (Handb. d. vergi. Physiol.
Vol I, 2, p. 1.?), there would take place a contirsu decrease of the gas
volume In the. traaheae until they would finally entirely collapse due to

K4
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th.e va" tonc.0~'r h can be- sportoed by tptaha
'Walls Zo t7hat, tW*1 _Occludad --ass of air car '0 al'uied to =Ilch an extent that

ai~eou .- au o~f diAr.:-Zon wit tha Eacas 'issolved :i the water becomes
Getblizzaed, can the- tracheae con.n.uous~y serve respiratory7 purposes.

2hr'~: IVO -ay a&Tsume thtcota:0oc oquildbrl.um of d!ifzsion be-
comes est .ilshed .or he nitrogen vnich does not;" take part in the met blic
proco ses. ifteeoethe nitrogon ipersentage in the tracheal air is 90%ard h prossure of the nltrogeon dissolved in war or~ o5, on tmsn
the~ otal presare in ah t. 'chea car. be determined by -thef~oig ml
calculation: 90 X = 79, x = 0.88 atosphere. if the 4-seuaw is at a dopth
ot 1 mter. then the hydrostatic pressure is 1.1 atmospbere and the pressure
supported by the tracheal walls is 1.3 - .8 0.22 at=osphere. -Obviously,I
the tracheae are somet.0at corpressed -by this pressure but should not collapse.

Ihave attmpted, to exoeanmho Aeschna to Varying cniin[ ~of gaseous diffasion and. have measured th orspondingvritons±
voluze: of the tracheal: system. In the 'Instrumentation shown in Fig'. 5,I

encosd nmp o Ascnain wael-r saturated-with atmosphericL air and then
relace4d the: water ts rapidl as posible by water .with 'a total -pressre- f

4 ,slve, .asses303 only-. 4oshere. lushing vith four- vo Ume owqj -r "was temnted afe w -zue adtemnsu a asted in the F
field ofil 4iwe'-mirogoope equipbed with-an ocua4r icrometer. - 1-then observed

durngthsuseq~eht minutes the- diplaosment, "f the meics.Ec rad-
uation, of the mnicrometer correaponded, to a variation of volume of 0.24 Wnm.Inoe weriment, foi' example, weobtained th oloigred.s

interval After Fariationin
Start of Changing Readings folume, in =~3
water, :in _______e

Svrlexper4ients of a a rilar type produced very similar valuesjndj dcate that a) equilibru ofdfrinbcomes est'blished inLa few
minutes between tracheae and water as is to be expected -in consideration Of
the enormous surface. o: the tracheal gills, and that b) a, pressure differen-.
tial of about- 0.5 atmoTphere 'produces only a very minor compressionL (a M'x
5.mm of 4.5 =~3' if we take into consideration the variation of volume duringthefistfe miuts oih cannot be measured) of the trach~al systemn.

The experiments wfith Aeschna thra-ore all show that mechanical yen-
-Q tilation does not Wale place or ispossible within the traohe&&. and that

the transport of oxygn takces place exclusively by gaseous diffusion.
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atUon oxoocd hara is ap--!-c---'o to. a! ?or Z r-3 num-er of

;Iorm. s aaos d-_'fzsion -s apaetytho only Mothaod of' ranerml of, the

:.Sion is cx _"_re w;ih ze nca! ventiaton of' cortair trMahae or t-ra-
: ehai sctins. s i disussd .greter detail in a tu'osequont co.ur.,nn- +

ca-tion, the tonoeaal ofeair in, tho fine a-.i vary fline br~ac.haets 04f ho tra-

chea ."+"..-_ ..

cha. .ka olac xciua-ivaly 'y-- -'. ,r nechanical raplatoh is

restric-ted to largar trac'heal tzzunks or special "aiAr sacs."

insect 3d0pond - c' .-,v-a n d fatieon ara oainly the Arachnides,
rz-', oda most of the insect 'ava adpobe--, aa. sfr sth

.,.': . _ .'i oal troa'=yaa. A .. s faz e ao ±

:Laoas are con"^ nad, it is pronloz'o bu not yet conf med by investigoation
that rspiratory otlions are abse.o. ny so cori (noe: the co.pre-
hension o: t A systom of air te e aterl is conrrented by par tula dif'ficul-
ties in the vary lonlegs 6f soin e fo.s. en tid.n, Vol 4
c89a) demonhsrated thea the xcrirame y on- !es oehanai re oipto i

rosrito~to).age trchal ~k o s o puai s as ar 'i.a

0± |i- n sn zo ztigmata along the tibia. Ln +grasshopr aad (Sland,

S Arc€i Physio!.,. V I 29, 19;3) that a rapid an d. e"-ensive -,ranewal -,4f the air +in e 3=r and 0egs is possible., hthrot chanical res iyton takes,-

tlace he rtory -u a e aetin or a"h t 'b, . (

'p.~o oft-ppys e n o ustirnli oro .: b pa rtclrd''c

89 It ca be easiy demonstrated that the l. teehod of rsirtio trough

gaseous diffusion in a tracheal systm distributed over the entire body is
closely related o the size of the insects and represents only small
forms an ideal or possible respira-ory - "hecha. L we based ourselves,
for exa,.ole, on one of the larvae investigated and examined the conditions
which would prevail if the Insect in its linear dimensions was ten times

las arge (600 instead of 60 m.lo..), the insect would then also ?ave to
have tracheae 0 times longer and, with a corresponding tenfold enlarge-
ment of the diameter of the main frunks and the number of the flne branch.
ilats, +-the total. cross section "of al tr"M a Ioud 'eelre le

Since difus!on increases proportional to the cross-sption id is
inversely, proportional to the average length, It could be increased only
10 tin ,es, i.e. -proport:ioral to the linear dimonsion. 'However, the weight
of the insect would lpcreasa 1000 tnes (proportional to the third power
of thoe linear dLmansions) or'to 3.4 kg whereas the gaseous metabolim
would perhaps have to increase not 1000 times but certainly much more than
100 times, let us say 300 time.. For such ar, 'nsect, gas difslon would
be completely lnadoquate. Ln order to produce the same result as' the tra-
choal syste of "he small -nceets, the total cross-section of all tracheae
would then have to be enlarged .not6 100 times but about 3000 times (to 180
0 a2) which is anatomloally scarcely possible. The entie tracheal volume
would then be Increased from about 1.6% of the volume of the insect to
about 30%.

owl



0 -:3,. i ndi ato both, t.1, rospirtion
by-ZaZo*. difu..o in th ;raeahoas- is- possila only in ra.latively small.
'o.-Is such are raprocantod loy thenow iv,; 4vn trac'noata writhout. excption
(::oto,: Anwn-on, ;'orsil Irsccts,. thar are 1'oi.-And som~e wom aurpacsintg

-4 t"oii I n. nSize. ""he larvost, were, as :ar as I kno,.r, the1 libellule-
li~wm zacu~oCo tho-caen period~. Chse1on~s had a langthl of aboult

30 c- wald were about 3 cm icido across tsthorax so that thay can only be
ccnsidercd as rather s.-All animals in re]lation to. other classes of animals.
Animals o1f this size may st*il'l have boen ablea to breathe through t.rac e

proidd tatthelager t~aks wer ehnialy ventilated and the gas-
P oiic metabolism not too large. The Larvae and nymphae of such insects can-
not, lhowever, have beer, able to breathe, 1Lke the present Aaschnidae,
thro'!gh terinal tracheal gills in an entirely closed tracheal system. In
order to. transporl; the required oxygen- quantity by diffusion toward the
head, the tracheae would then have th be wider th.an their bodily cross-

I sectVion. I believe it to be probable that they had an open tracheal sys-
t em an-d mechanical respiration) as well as that, the conditions for gaseous
diffusion becm still- more favorable 'when th.e dimensions are even smaller
than In the cases investigated. Larvae up to a weight of 5 g can, as we

Shave shown, rely on diffiasion be**se their metabolism is not very inten-
~ s~e. n fllydevloped isects-, _oxygo absrto up to20, 000 cm3 per
* cgpr ~x asbenobiervidi F or such animss diffusion alone is not-

Uh 0 (e g,, bes). Hiowever, the largest
number of insects 1awe simaller and -diffusi.on is then adequate-, for all *G.'

Aumsancs, ithut &-mehincalventilation -of the tracheal syrstem.

COSCIDSI 44

1--, formula is postulated for calculating, from the tota cross-section
and the average length of the tracheae of an insect,, the differential pres-
sure. which is just sufficient to cover oxnyeA consumption by vaseaus dif..
-fusion.

lYeasur ements of the tracheal systems of some large Insect larvae
show a diffeetbil pressure of about -2% ard diffusi.on therefore-is entirely
suffici.ent to explain the, tr'ansport of gas In the tracheae.

Oat diffusion, In the longitudinal tracheal trunks has been directly
demonstrited in large larvae ok Cossus and was measured; the absence of
actual rospiratory motion was also demonstrated.

It was dozonstrated, by means of larvae of Aesohna, that the trans-
port of Casi ~s Also, exclusively supplied by diffusion alone In closed sys-
ta*mG equippod with tracheal gfls. In such forms, the tracheae mset be
ozpdble of cupportina high pressure wi'thout collapse In order to fulfill

;erfunction.

The general si~fcneof gaseous diffsion or tracheal respirs-,
Umo is discussed aW the plose relations boeen bodily ile amd efficiency



~ zr~ov ~c~i~.'-y mcans o:, traahcaa ar dworot ated. For,
h o zmll2ozt foC d fuz%'Son -1." .wys - doa-o For zowat 1,,.rgor forms,

is iten4,v an ov.-. th 2e.-a ara rathar narroer lirits -too poss±O.a -size.

-END-
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